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Abstract
We implement silicon quantum dot devices
with two layers of gate electrodes using a self-
alignment technique, which allows for ultra-
small gate lengths and intrinsically perfect
layer-to-layer alignment. In a double quantum
dot system, we investigate hole transport and
observe current rectification due to Pauli spin
blockade. Magnetic field measurements indi-
cate that hole spin relaxation is dominated by
spin-orbit interaction, and enable us to deter-
mine the effective hole g-factor ' 1.6. From
an avoided singlet-triplet crossing, occurring
at high magnetic field, the spin-orbit coupling
strength' 0.27 meV is obtained, promising fast
and all-electrical spin control.
Keywords
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Classical silicon (Si) integrated circuits, host-
ing billions of metal-oxide-semiconductor field-
effect transistors (MOSFET), are the prototyp-
ical example for scalable electronic platforms.
Si MOS quantum dots1,2 represent the quantum
analogon to a classical MOSFET and, as hosts
of coherent and high fidelity spin qubits,3–11 are
prime candidates for scaling up quantum cir-
cuits.12,13 While a basic MOSFET is a three-
terminal device, a multi-layer gate stack is typ-
ically employed for quantum dot formation and
qubit control.1,2,5–7,14,15 In addition, fabrication
is demanding due to tight requirements on fea-
ture size and layer-to-layer alignment accuracy.
Device integration can be facilitated by intro-
ducing a self-alignment technique. Self-aligned
processes have been successfully applied in elec-
tronics industry for many years. The basic idea
is to use an existing patterned structure on a
device to define the pattern of a subsequent pro-
cess. A prime example is to use the gate of a
MOSFET as a mask for defining the source and
drain regions by means of ion implantation.16,17
While most experiments employ electron spin
states5–10 to encode quantum information, hole
spin qubits11,18,19 represent an attractive alter-
native, particularly for large-scale quantum cir-
cuits. Hole spins in Si experience a strong spin-
orbit interaction (SOI), enabling rapid and all-
electrical spin control.11,20 Electron spin manip-
ulation, in contrast, is driven by magnetic fields,
requiring additional device components such as
a micromagnet7,21 or transmission line,5,6 which
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Figure 1: Fabrication process flow. (a-e, left panel) Schematic device cross-section along the
black dashed line of the (a) SEM image. The horizontal axes of the left and right panels are scaled
differently. (a) Device with completed first gate layer, consisting of two lead gates L1&L2 (yellow in
SEM image) and a central finger gate G1 (blue) that is wrapped around the Si fin (magenta). EBL
with hydrogen silsesquioxane (HSQ) resist is employed for gate definition. The gaps separating the
gates (turquoise) act as a template for the second gate layer. (b) Deposition of the gate stack by
means of ALD results in a uniform surface coverage, such that the gaps are almost evenly filled with
material. (c) TiN is removed from the flat surfaces, which are not protected by resist (magenta), by
timed dry etching. TiN residues (red) at topography steps still connect gates G2&G3 of the second
gate layer. (d, e) A protective resist mask is applied to remove all unintended TiN residues with an
isotropic wet etch. (f) Cross-sectional TEM images perpendicular (left panel) and parallel (right
panel) to the fin. Left: the quantum dot is induced at the apex of the roughly triangular-shaped Si
fin (purple). Right: Gates G2&G3 (turquoise) are perfectly aligned relative to the first gate layer.
Good electrical isolation is ensured by a thin SiOx layer sandwiched between the two gate layers.
hamper scalability. Furthermore, an exception-
ally strong and electrically controllable SOI has
been predicted for holes in Si nanowires.22,23
In this work, Si fin-field-effect-transistor-like
devices11,24 with two layers of gates are used to
form hole double dots. The second gate layer
is realized using self-alignment, where the first
gate layer acts as a mask for the subsequent one.
With this approach, multi-gate stack integra-
tion is facilitated, and ultra-small gate lengths
' 15 nm as well as perfect layer-to-layer align-
ment can be achieved. We study charge trans-
port for holes in the Pauli spin blockade (PSB)
regime and identify the SOI as the dominant
mechanism for lifting spin blockade. Both the
SOI coupling strength and the effective hole
g-factor are obtained from an anticrossing be-
tween singlet and triplet spin states at high
magnetic field.
Integration of the self-aligned second gate
layer follows after processing of the Si fin and
the first gate level. These preceding fabrica-
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Figure 2: Bias triangles and Pauli spin blockade for holes. (a) Double dot charge stability
diagram measured for VSD = +10 mV and VG1 = −770 mV. The simplified equivalent circuit of
the device is depicted in the inset. While the dot occupancies N1 and N2 are separately controlled
by gates G2 and G3, the inter-dot tunnel barrier is tuned by G1. The colored circles mark the pairs
of bias triangles for which signatures of PSB are observed. A close-up of the triangles indicated by
the solid blue circle in (a) is presented for VG1 = −750 mV in (b) for VSD = −10 mV and (c) for
VSD = +10 mV. While for negative VSD current can freely flow through the base of the triangles,
it is blocked for positive VSD at zero magnetic field. PSB is lifted for a detuning  ≥ ST or by
applying a small magnetic field, here B = 40 mT. The detuning axis is defined as indicated by
the white arrow. A charge transport cycle is depicted schematically in (d) for negative and (e) for
positive VSD.
tion steps are described in detail elsewhere.24 In
Fig. 1 (a) a scanning electron microscope (SEM)
image of a device at this fabrication stage is
shown. The first gate layer consists of a cen-
tral nanoscale finger gate (G1) and two lead
gates (L1&L2) for source and drain reservoirs.
The gaps separating these gates create chan-
nels (turquoise highlights in Fig. 1 (a)) that
will serve as a template for the second gate
layer. By means of atomic layer deposition the
gate stack, consisting of ' 4.5 nm silicon oxide
(SiOx) and ' 20 nm metallic titanium nitride
(TiN), is deposited with highly uniform surface
coverage (see Fig. 1 (b)). Provided the width
of the gaps separating G1 from L1/L2 is less
than twice the thickness of the deposited mate-
rial, the channels are almost evenly filled with
metal. The thin SiOx layer ensures a good elec-
trical isolation of the two gate layers (break-
down voltage & 6V, see supporting information
S1).
Subsequently, an anisotropic TiN dry etch is
applied for a duration that corresponds to the
deposited metal thickness of ' 20 nm (see Fig.
1 (c)). While the gate metal is removed during
etching from the flat surfaces of the device, left-
overs are found at the topography steps. The
TiN residues inside the predefined channels nat-
urally form gates G2&G3 of the second gate
layer. The fan-out of the gates to microscale
contact pads at larger distance from the fin is
protected during etching by a resist mask (ma-
genta highlights in Fig. 1 (c)), which is defined
by means of electron-beam lithography (EBL).
The demands of this lithography step with re-
gard to resolution and alignment accuracy are
lowered by moving the channel endpoints fur-
ther away from the center of the fin.
At this stage, the gates of the second gate
layer are still connected via the TiN that re-
mains and is marked in red in Fig. 1 (c&d).
This short circuit is eliminated by first protect-
3
ing the gates with a resist mask, as shown in
Fig. 1 (d), and then by selectively removing all
the unintentional TiN residues by isotropic wet
etching (see Fig. 1 (e)). The protective cover is
defined by means of EBL.
After successful integration of the second gate
layer, cross-sectional transmission electron mi-
croscope (TEM) images along and perpendicu-
lar to the fin direction are taken (see Fig. 1 (f)).
These images confirm ultra-small gate lengths
as well as perfect gate alignment. All remaining
fabrication steps, leading to a functional device,
are described elsewhere24.
The device layout with the three nanoscale
gates G1, G2 and G3 allows for both a single-
and double-dot operation mode. The latter
one is explored in this work for p-type devices
(see supporting information S2 for single-dot
regime). Holes are accumulated in source (S)
and drain (D) reservoirs through platinum sili-
cide contacts, by a strong negative lead gate
voltage (VL1,L2 = −4.5 V). Gates G2 and G3
form dots 1 and 2 and control their occupancy
(see inset of Fig. 2 (a) for a simplified equivalent
circuit of the device). Gate G1, which is sand-
wiched between G2 and G3, is used to control
the inter-dot tunnel coupling (see supporting
information S3). The gate lengths of the device
used here are ' 25 nm for inter-dot barrier gate
and ' 15 nm for the plunger gates.
The data presented here are obtained from di-
rect current electrical transport measurements
with the sample cooled to 0.55K. In Fig. 2 (a),
a double dot charge stability diagram, show-
ing the first observable pairs of bias triangles,
is presented25 (see supporting information S4
for same measurement on similar device). The
two triangles of each pair strongly overlap for a
source-drain voltage of VSD = +10 mV. While
the lines of strong current flow parallel to the
triangle base reveal elastic tunneling between
the ground or excited states of the double dot,
the background current inside the triangles can
be assigned to inelastic tunneling.25 The tri-
angles for more negative gate voltages are dis-
torted by co-tunneling processes because of the
dots’ increased tunnel coupling to the reser-
voirs.26,27
In Figs. 2 (b), (c) a zoom-in on the pair of
a)
b)
VSD = +10mV
VG1 = -750mV
Figure 3: Spin blockade leakage current.
(a) Source-drain current ISD under reverse bias
as a function of detuning  and out-of-plane
magnetic field B. Some of the vertical traces
are shifted along the -axis to eliminate the ran-
dom switching of a charge trap. The detuning
correction ∆ is plotted in the inset. (b) Cut
along B at  = 0, as indicated by the black
dashed line in (a). The data (black dots) are
well fitted by a Lorentzian function (red curve)
of FWHM = 32 mT.
bias triangles, indicated by a solid blue circle
in Fig. 2 (a), is presented for negative and pos-
itive VSD. While current flow through the base
of the triangles is observed for VSD = −10 mV,
it is strongly suppressed for positive VSD at
zero magnetic field B. (For the bias triangles
marked by a solid magenta circle in Fig. 2 (a)
current suppression is observed for the opposite
bias direction, see supporting information S5).
This type of current rectification is a hallmark
of PSB28–32 and is due to spin-conserved tunnel-
ing, as schematically depicted in Figs. 2 (d), (e).
If two hole spins reside on the same dot (here
the right one), they must occupy a spin singlet
state S(0, 2) as the triplet state T(0, 2) is shifted
to higher energy by the single-dot singlet-triplet
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Figure 4: Spin state mixing by SOI. (a) Detuning energy of the three observed resonant current
peaks as a function of magnetic field. The peak positions are extracted from current traces, such as
the one presented in (b) for B = 5 T (grey dashed line). The differentiated data dISD/d is shown in
the background. The anticrossing of the two bottom curves is fitted with the standard expression
for two-level repulsion (green dashed curves). For B . 3 T the energy splitting of the top and
central peak cannot be resolved. (c) Magnetic field dependence of the double dot energy levels for
(0, 2) charge configuration. The degeneracy of the triplet spin states T+, T0 and T− is lifted by
the Zeeman splitting EZ . For EZ = ST the S(0, 2) and T−(0, 2) states hybridize due to SOI and
anticross. (d) Double dot energy diagram versus detuning at finite magnetic field. Spin-conserved
tunneling induces avoided crossings between states that share the same spin polarization28. The
blue, red and yellow dots mark the transitions denoted with the same colors in (a).
splitting ST.28 Here (m,n) denotes the effective
hole occupancy of the left and right dot. While
our data is consistent with observing the last
hole, more sensitive charge detection methods
are required to evaluate this.28,33 For a negative
VSD charge transport occurs from the S(0, 2)
state to the S(1, 1) state, and a hole can escape
the left dot to the reservoir. In contrast, for a
positive VSD current flow is blocked. If one hole
spin resides on each dot, they can form either
a S(1, 1) or T(1, 1) state, which are nearly de-
generate in energy for weak inter-dot coupling.
Once the T(1, 1) state is occupied by loading a
hole from the reservoir to the left dot, transport
is blocked by spin conservation during tunnel-
ing.
PSB is lifted for an inter-dot energy level de-
tuning  exceeding ST, since the T(0, 2) be-
comes accessible from the T(1, 1) state. Hence,
the reappearance of current along the detuning
axis determines ST ' 1.85 meV. This allows us
to give an upper-bound estimate of the effective
dot size λx ∼ ~/
√
m∗ST = 9.5 nm,34 which is
in good agreement with the device geometry.
Here, we assume harmonic confinement and an
effective hole mass m∗ = 0.45m0, where m0 de-
notes the bare electron mass.22
For  < ST spin relaxation leads to a leakage
current through the spin blocked region of the
bias triangles.35–38 For a small magnetic field
of B = 40 mT current leaks through the base of
the triangles (see Fig. 2 (c)). For B 6= 0 the pre-
viously forbidden T(1, 1) → S(0, 2) transition
becomes allowed since hole spins in Si experi-
ence a strong SOI22 that hybridizes the T(1, 1)
and S(0, 2) states37,38.
The leakage current dependence on both B
and  for positive VSD is shown in Fig. 3 (a).
A dip in the leakage current, which is centered
around zero magnetic field, is revealed by a line-
cut along B at  = 0 in Fig. 3 (b). This dip has a
Lorentzian lineshape with a full-width-at-half-
maximum (FWHM) of 32 mT and a close-to-
zero minimum value, signifying a very efficient
blockade. The dip also confirms that lifting of
PSB is dominated by SOI32,37, since hyperfine
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interactions35,38 or spin-flip cotunneling31,39,40
yield a zero-field peak.
An extension of Fig. 3 (a) to both larger mag-
netic fields and detunings, revealing spin-orbit
mediated singlet-triplet mixing, is presented in
Fig. 4 (a). Resonant charge transport occurs for
detunings, where (1, 1) and (0, 2) spin states are
degenerate in energy and hybridized by a finite
coupling (see Fig. 4 (d)). As seen in Fig. 4 (b),
three current peaks are observed within the 
range of Fig. 4 (a), showing the B-dependence
of the peak positions. For weak tunnel coupling
and negative effective hole g-factor g∗, the bot-
tom two curves in Fig. 4 (a) can be assigned to
the T−(1, 1)→ S(0, 2) and T−(1, 1)→ T−(0, 2)
transitions.32 Thus, the T−(1, 1) state can be
used to probe the energy splitting of the S(0, 2)
and T−(0, 2) states (see Fig. 4 (c)).
While the central line remains at constant de-
tuning for B . 3 T, signifying a spin-conserving
transition, the bottom line shifts by the Zeeman
energy EZ = g∗11µBB, where g∗11 denotes the
g∗-factor of the (1, 1) triplet states and µB the
Bohr magneton. From the slope we can thus ex-
tract |g∗11| = 3.2±0.3, corresponding to an effec-
tive hole g-factor of |g∗| = 1.6±0.2, a value sim-
ilar to those reported before.20,32 When g∗02µBB
approaches ST, the S(0, 2) and T−(0, 2) states
first begin to align in energy but then anti-
cross due to SOI (see Fig. 4 (c)).34 This level
repulsion causes the avoided crossing of the two
bottom curves in Fig. 4 (a) at Bc ' 10.9 T.
From the magnitude of the anticrossing we can
extract the single-dot spin orbit gap ∆SDSO =
0.27 ± 0.03 meV. The spin-orbit length can be
estimated to be λSO ∼ g∗µBBcλx/(
√
2∆SDSO) =
48 nm,34,41 which is roughly half the value re-
ported for holes in planar Si quantum dot struc-
tures.32 Using ST = 1.85 meV in addition to
the parameters mentioned before we can over-
lay our data with the standard expression for
two-level repulsion34 (green curves in Fig. 4 (a))
and find good agreement.
In conclusion, we have introduced a novel self-
alignment technique facilitating the fabrication
of Si quantum devices with multiple gate layers.
We employ such devices for reproducible forma-
tion of low-disorder double quantum dots and
study spin-dependent hole transport. From the
observation of spin blockade we extract a single-
dot singlet-triplet splitting ST ' 1.85 meV, in-
dicating large orbital energies due to ultra-small
gate lengths. The magnetic field dependence of
the leakage current identifies SOI as the domi-
nant spin blockade lifting mechanism. An effec-
tive hole spin g-factor |g∗| = 1.6 and single-dot
spin orbit gap ∆SDSO = 0.27 meV are derived by
modelling a two-level anticrossing occurring at
Bc = 10.9 T. These results demonstrate that
hole spins in Si are a promising candidate for
building a scalable network of small, fast and
electrically controllable qubits.
Self-aligned gates have great potential for ap-
plication in integrating spin-based multi-qubit
devices. For holes in Si, qubit performance can
further be enhanced by an optimized device ge-
ometry towards an ultra-strong and electrically
switchable SOI.22,23
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